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QGP Chemistry Basics

• 52 ~massless degrees of freedom 

• Strongly interacting 

• Conserved: up-ness, down-ness, strangeness, color  
Not conserved: quark number 

• Lattice measures charge fluctuations:

χab ≡ 〈QaQb 〉 /V a,b = uds
χab
QGP = (na + na )δ ab

Parton gas:

Hadron gas:
χab
HAD = nα

α
∑ qα ,aqα ,b

α=π+,π-,π0,K+...



Lattice Charge Fluctuations 
scaled by entropy 
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χab
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Parton gas:

Hadron gas:
χab
HAD = nα

α
∑ qα ,aqα ,b

α=π+,π-,π0,K+...

off-diagonal elements  
(V.Koch, PRL 2005)

Courtesy of Claudia Ratti
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Problems with 
Comparing Experiment to Lattice

1.Lattice = Grand Canonical (Particle Bath)  
   Experiment = Canonical (net charge = 0) 

2. Charge created at hadronization 

3. One measures hadrons -- not uds 

4. One measures momenta, not positions



Consider charge correlations

gud (Δη) ≡ 〈Qu (η)Qd (η + Δη)〉

= nu (η)− nu (η)[ ] nd (η + Δη)− nd (η +δη)⎡⎣ ⎤⎦

gab(Δη) is a 3x3 matrix

charge conservation

d∫ Δη  gab (Δη) = 0



1. Before hadronization

σQGP

From lattice!

only extra parameter

gab (Δη) = χab
(QGP) δ (Δη)−

exp(−Δη2 / 2σ (QGP )
2 )

(2πσ (QGP)
2 )1/2

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪

d∫ Δη  gab (Δη) = 0

gud = gus = gds = 0



2. Just after hadronization

σHAD

guu(Δη)

σQGP

gab (Δη) = χab
(HAD )δ (Δη)

− χab
(HAD ) − χab

(QGP )( ) exp(−Δη
2 / 2σ (HAD )

2 )
(2πσ (HAD )

2 )1/2

−χab
(QGP ) exp(−Δη

2 / 2σ (QGP )
2 )

(2πσ (QGP)
2 )1/2

gab(Δη) can't change suddenly  
except at Δη=0



2nd Bump: Positive or Negative? 
Crude Expectations

σHAD

guu(Δη)

σQGP

gab (Δη) = χab
(HAD )δ (Δη)

− χab
(HAD ) − χab

(QGP )( ) exp(−Δη
2 / 2σ (HAD )

2 )
(2πσ (HAD )

2 )1/2

−χab
(QGP ) exp(−Δη

2 / 2σ (QGP )
2 )

(2πσ (QGP)
2 )1/2

Sign depends on χab
(HAD ) − χab

(QGP )



Positive or negative (electric charge)

χelectric
(HAD ) = ncharged , χelectric

(QGP ) = 4
9
nu +

1
9
nd +

1
9
ns

Narrower bump is same sign, but much taller than wider bump	


π+π-  BF dominated by narrow peak



Before and after (STRANGENESS)

Smaller bump is very small	


K+K-  BF dominated by broad peak

χstrange
(HAD ) = nK + nΛ + 4nΞ + 9nΩ , χstrange

(QGP ) = ns



Before and after (BARYON No.)

Smaller Bump is smaller with opposite sign	


p-pbar  BF dominated by broad peak, but has dip

χbaryon
(HAD ) = np + nn + nΛ + nΞ + nΩ , χbaryon

(QGP ) = 1
9
(nu + nd + ns )



STAR results verify this qualitatively
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STAR Preliminary  
“corrected” for acceptance/efficiency

Noisy in tails



Back to being more exact

Take into account:	


•hadrons have multiple charges,	


•hyperon decays	


•χ has off-diagonal elements…



2. Just after hadronization 
(uds basis)

−g
ab

' (Δη) = χ
ab

(QGP ) e
−Δη2 /2σ (QGP )

2

2πσ (QGP )
2

+ (χ
ab

(HAD ) − χ
ab

(QGP ) ) e
−Δη2 /2σ (HAD )

2

2πσ (HAD )
2

χ
ab

(HAD ) ≡ nαqα ,aqα ,b
α∈hadrons
∑

χ
ab

(QGP ) ≡ 2naδ ab



3. But, we measure Gαβ not gab!!!
α,β=π,p,K...a,b=u,d,s

Gαβ (Δη) ≡ 〈[nα − nα ][nβ − nβ ]〉

e.g., G
pK − = 〈[np − np ][nK − − nK + ]〉

Generalized Balance Function  
(aside from factor of <nβ>)



Analogous problem...

Given δρa and nα, find δnα

Solution: assign chemical potential

δnα = nα eµaqα ,a /T −1( )
δρa = δnαqα ,a

α
∑ ≈ nα qαaqαb

µb

T
= χab

(had) µb

Tb
∑

αb
∑

µa

T
= (χ−1)abδρb

b
∑

δnα = nα qαa (χ
−1)abδρb

b
∑



3. Apply to our problem

δnα (0)δnβ (Δη) = nα nβ qαa χac
(HAD )−1g

cd

' (Δη)χdb
(HAD )−1 qβb

abcd
∑



3. Putting this together

−G
αβ

' (Δη) = w
αβ

(QGP) e
−Δη2 /2σ (QGP )

2

2πσ (QGP )
2

+wαβ
(HAD) e

−Δη2 /2σ (HAD )
2

2πσ (HAD )
2

wαβ
(QGP) = −2 nα qα ,aχab

−1(HAD )χbc
(QGP )χcd

−1(HAD ) nβ qβ ,d
abcd
∑

wαβ
(HAD ) = −2 nα qα ,aχab

−1(HAD ) nβ qβ ,b −wαβ
(QGP )

ab
∑

prefactors depend only on 
 yields and χab from lattice



3. Prefactors...

8

hadron species yields, n↵

p, n, p̄, n̄ 22.5

⇤, ⇤̄ 8.5

⌃+,⌃�, ⌃̄�, ⌃̄+ 3.4

⌅�,⌅0, ⌅̄0, ⌅̄+ 1.95

⌦, ⌦̄ 0.35

⇡+,⇡0,⇡� 268

K+,K� 54

TABLE I. Hadronic yields used to calculate weights. Yields were calculated from a hydrodynamic/cascade model with no net
baryon number, where the initial hadronic populations were set according to a thermal distribution with a temperature of 165
MeV. An additional factor, fB , was applied to the baryon yields listed here to account for the experimental uncertainties and
for greater consistency with experimental observations.

p ⇤ ⌃+ ⌃� ⌅0 ⌅� ⌦� ⇡+ K+

p̄ 0.441,-0.066 0.485,-0.162 0.491,-0.146 0.479,-0.178 0.535,-0.242 0.529,-0.258 0.578,-0.338 0.006, 0.016 -0.044, 0.096

⇤̄ 0.183,-0.061 0.242,-0.094 0.242,-0.094 0.242,-0.094 0.302,-0.128 0.302,-0.128 0.361,-0.161 0.000,-0.000 -0.059, 0.033

⌃̄� 0.074,-0.022 0.097,-0.038 0.099,-0.033 0.095,-0.043 0.122,-0.049 0.120,-0.054 0.144,-0.064 0.002, 0.005 -0.023, 0.016

⌃̄+ 0.072,-0.027 0.097,-0.038 0.095,-0.043 0.099,-0.033 0.120,-0.054 0.122,-0.049 0.144,-0.064 -0.002,-0.005 -0.025, 0.011

⌅̄0 0.046,-0.021 0.069,-0.029 0.070,-0.028 0.069,-0.031 0.093,-0.036 0.092,-0.038 0.115,-0.045 0.001, 0.001 -0.023, 0.008

⌅̄+ 0.046,-0.022 0.069,-0.029 0.069,-0.031 0.070,-0.028 0.092,-0.038 0.093,-0.036 0.115,-0.045 -0.001,-0.001 -0.023, 0.007

⌦̄+ 0.009,-0.005 0.015,-0.007 0.015,-0.007 0.015,-0.007 0.021,-0.008 0.021,-0.008 0.027,-0.009 -0.000,-0.000 -0.006, 0.001

⇡� 0.119, 0.318 0.000,-0.000 0.239, 0.636 -0.239,-0.636 0.119, 0.318 -0.119,-0.318 -0.000,-0.000 0.239, 0.636 0.119, 0.318

K� -0.175, 0.384 -0.627, 0.352 -0.603, 0.417 -0.651, 0.288 -1.055, 0.385 -1.079, 0.321 -1.507, 0.354 0.024, 0.064 0.452, 0.031

TABLE II. Default results for the weights w(QGP)
↵� , w(had)

↵� resulting from the thermal model described in the text. The weights

describe the contribution to the balance functions B↵�(�⌘) from the correlations driven by the charge correlations just before
hadronization and the additional correlation that appears during hadronization and is local, �⌘ ⇠ 0.

The pp̄ balance function came out contrary to expectations expressed in previous papers [1]. Even though protons
are composed entirely of up and down quarks, and even though a large fraction of up and down quarks are produced at
hadronization, the hadronization component is small, or perhaps negative. This comes from the fact that the strength
of the hadronization component, as determined by the sum rule in Eq. (8), depends on the density of observed
baryons. Since the observed number of baryons is rather small, the sum rule can be saturated by the number of
baryons in the QGP component. If one were to consider baryons alone, the sign of the hadronization component in

the baryon-baryon correlation depends on the sign of �(had)

bb � �
(QGP)

bb , where bb would refer to the baryon charge.
Since the baryon number of a single quark is 1/3, the sign switches when the number of quarks is more than nine
times the number of baryons.

Another surprising result in Table II concerns the pK� balance function. Even though the K� meson has an
anti-up quark, the QGP component is negative. This derives from µab being larger for us than for uu. For the range
of parameters explored here, the hadronization component of the pK� balance function was always positive. This
makes it easy to recognize the existence of both the QGP and hadronization components, and if such a structure were
observed experimentally, it would be di�cult to explain without a two-component picture of quark production.

The upper two tables in Table III show the dependence of the weights for variations of the baryon suppression
fB , which scales the final baryon yields relative to thermal yields. The values of fB roughly span the range of
uncertainties from the experimental measurement. Whereas the default value of fB was set to 0.6, Table III shows
results for fB = 0.5 and fB = 0.7. The number of quarks per unit rapidity in the QGP just before hadronization is also
uncertain, hence a range of quark numbers is explored. Bracketing the default ratio of quarks before hadronization to
final-state hadrons of 0.85, results for n

quarks

/n
had

= 0.7 and n
quarks

/n
had

= 1.0 are shown in the bottom two tables.
The pp̄ balance function is especially sensitive to both numbers. The hadronization peak is strengthened by raising
fB , or by lowering n

quarks

/n
had

. For lower baryon yields, or higher quark densities, the hadronization peak becomes
smaller, and can even become negative. These would lead to a dip in the pp̄ balance function at small relative rapidity,
which would both provide striking evidence of the two-wave nature of quark production, and suggest that the QGP
was rather quark-rich. This latter conclusion could be better strengthened by better measurements of baryon yields,

(QGP,HAD)

prefactors completely determined by χQGP and final-state 
hadronic yields 

(hadron yields from thermal model with B-reduction)



4. Use blast-wave to go from 
coordinate space η to momentum-space rapidity 

(Monte Carlo + decays) 
Use STAR parameters fit to spectra (T and u⊥) 

                                        

1. (quarks in QGP / hadrons in FS) 
2. s/(ud) in QGP 
3. σqgp 
4. σhad

4 Parameters:



from STAR 
(balance 

functions) 
thesis of Hui Wang (2012)
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KK broader than 
ππ! 

pp broader than 
both 

-- and has dip !!

-



4 Parameter MCMC 
!

0.3 < σqgp < 1.5 
 0 < σhad/σqgp <1 

0.75< quark/hadron <2"
0< s/(ud) <1



Charge Balance Functions (STAR) 
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MCMC 
Results
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MCMC 
Results

• σqgp ≈ 0.9 
• σhad ≈ 0.25 
• ud/hadron and s/ud 
ratios consistent 
with equilibrated  
QGP 
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Conclusions

• STAR results validate 2-wave picture 

• uds densities of QGP appear close to lattice  
values 



To-Do List: (Experiment)

• Other charge combinations, e.g. pK "
• σφ vs ση"
• B(Qout,Qside,Qlong) binned by kt , reaction plane 

• pp, pA collisions



• Continuous creation/annihilation 
 
 
 
 
 
 
 

 
 
 

!
• non-zero baryon density 
  • pp/e+e- collisions need theory 
• How do quarks arise from gluons/string/fluxtubes?

To-Do List: (Theory)

g
ab

' (x1, x2 ) = 0

τ

∫  d 4x 'Da (x ', x1)Db ( ′x , x2 )
d(χab / s)
d ′τ

(x ')


